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Introduction {#sec0065}
============

Diatoms are unicellular heterokont protists believed to have arisen via serial secondary endosymbiotic events and characterized by peculiar structural features such as silica cell walls composed of two unequal, overlapping halves called the frustule ([@bib0205], [@bib0260]). They have global significance, being responsible for one fifth of global primary production ([@bib0215]), and they are thought to be major players in the biological pump since dead diatoms with heavy siliceous walls transfer carbon, nitrogen, and silicon to the ocean interior as a result of gravitational settling ([@bib0020], [@bib0055], [@bib0285]).

Diatoms have been studied for more than a hundred years to understand their unique cellular structures, such as the spindle apparatus, ornamented silica cell walls, and silica deposition vesicles (SDVs), in which the silica frustules are synthesized ([@bib0075], [@bib0295], [@bib0325], [@bib0330], [@bib0355]). Intensive cytological research has revealed that diatoms possess two different types of microtubule-organizing centers (MTOCs), named the microtubule center and the polar complex (reviewed by [@bib0090], [@bib0235], [@bib0245]). Actin filaments are known to be involved in meso- and micro-scale morphogenesis and also in cell motility ([@bib0075], [@bib0255], [@bib0300]). For example, it has been suggested that the SDVs may be restrained by circumferential actin bands that control valve shape ([@bib0230], [@bib0295], [@bib0325], [@bib0330]).

During cytokinesis, cells are cleaved longitudinally by ingrowing furrows from both ends and the cleavage plane grows parallel to and inbetween the two halves of overlapping silica valves ([@bib0240], [@bib0270]). The centripetal mode of cytokinesis seen in diatoms is seemingly similar to what is observed in animal and yeast systems, by contrast with the centrifugal cytokinesis observed in plant cells. However, studies of diatom cytokinesis are quite sparse and are limited to large sized diatoms ([@bib0090]).

In animal and yeast cells, it is well known that an actomyosin-based ring promotes the concentric cell division that accompanies the addition of new membranes ([@bib0030], [@bib0250]). By contrast, plant cells possess a phragmoplast, which facilitates centrifugal formation of the cell plate and plasma membrane expansion by vesicle fusion, leading to cell division (reviewed by [@bib0030], [@bib0165], [@bib0280]). Although actin filaments participate in the partition process of plant cells, higher plants have lost an actomyosin-based cleavage furrow ([@bib0165]). In spite of such distinct systems for cytokinesis, plant-like targeted membrane addition is a widely conserved mechanism and is also observed during furrow formation in animal and yeast cytokinesis ([@bib0010], [@bib0115]). Indeed, there are several common proteins participating in membrane trafficking among animals, yeasts, and plants. For example, the Rab-family small GTPase Sec4 is shared by yeast and animals and is involved in vesicle transport from the Golgi apparatus to the plasma membrane during cytokinesis ([@bib0030], [@bib0160], [@bib0335]). Additionally, homologs of the t-SNARE proteins, such as Syntaxins in animals, Sso in yeast, and KNOLLE in plants, mediate selective membrane fusion events in the plane of cell division in diverse organisms ([@bib0005], [@bib0035], [@bib0190]). While homologs of both Sec4 and SyntaxinA appear to be encoded in the genomes of the centric diatom *Thalassiosira pseudonana* and the pennate diatom *P. tricornutum* ([@bib0020], [@bib0050]), little is known about diatom membrane trafficking related to cytokinesis itself.

The marine pennate diatom *Phaeodactylum tricornutum* has become a major model species for the diatoms and is well suited to study cytokinesis and membrane trafficking. Unlike most diatoms it is generally only poorly silicified, which facilitates analysis by transmission electron microscopy ([@bib0040], [@bib0095], [@bib0100], [@bib0120], [@bib0180], [@bib0305], [@bib0310]). Furthermore, a non-chemical synchronization method has been established ([@bib0145]), and gene manipulation tools are well developed for this species ([@bib0080], [@bib0105], [@bib0275]). These unique advantages of *P. tricornutum* are powerful allies for cytological studies, even though its small cell size is less optimal for observations. Furthermore, recent studies using *P. tricornutum* have uncovered important aspects underpinning the regulation of diatom cell division. For instance, a light-induced diatom specific cyclin 2 has been proposed to control the onset of cell division 15 min after light illumination, and diatom cyclin-dependent kinase A2 functions as a mitotic regulator and distributes to the future dividing plane after chloroplast replication ([@bib0150], [@bib0155]).

In this study we have performed an ultrastructural examination of the global morphological transitions occurring during the cell cycle in *P. tricornutum*, including nuclear, Golgi and mitochondria replication. We then utilized transgenic lines expressing yellow fluorescent protein (YFP) fusions to Sec4 and SyntaxinA (SytA) to observe membrane trafficking in vivo. Transformants expressing YFP fused to carbamoyl phosphate synthase III (unCPS), which is known to localize to mitochondria (Supplementary figure 2 in [@bib0015]), was additionally used for observations of mitochondria. Results with these organellar markers were compared with electron micrographs and with observations of actin fibers during the cell cycle using fluorescent phalloidin. Using these tools, we report here the sequential process of cytokinesis, including organelle division, actin dynamics and membrane trafficking in this diatom.

Results {#sec0070}
=======

Sequential Observation of the Cell Division Process {#sec0075}
---------------------------------------------------

The doubling time of *P. tricornutum* cells is generally one to one and a half days in liquid culture. In synchronized cultures, DNA synthesis begins around 4 hours after the onset of illumination, and divided chloroplasts begin to appear shortly afterwards following constriction at their center ([@bib0145]). Cell division typically occurs at the end of the day, around 12 hours after the onset of illumination.

Chloroplast replication is the first major observable event of the serial cell replication process ([Fig. 1](#fig0005){ref-type="fig"}A). After completion of chloroplast replication, cleavage furrows begin to be formed from both tips of the fusiform cell around 8 to 10 hours after illumination ([Fig. 1](#fig0005){ref-type="fig"}B, arrows). Coalescence of cleavage furrows is completed only after organelle replication has been completed (see below). Detailed observations clarified several notable characteristics of the cleavage furrow, including numerous vesicles that were observed inside them ([Fig. 1](#fig0005){ref-type="fig"}C). These vesicles have been observed previously in the pennate diatom *Diatoma vulgare* and were denoted cleavage vesicles ([@bib0240]). They are surrounded by double membranes whose electron density is quite similar to that of the newly formed plasma membrane (furrow membrane; [Fig. 1](#fig0005){ref-type="fig"}D). However, in cryo-fixed cells, no cleavage vesicles were apparent ([Fig. 1](#fig0005){ref-type="fig"}E and F). In addition, the ingrowing edge is lined with dense filaments, particularly the corners of the cleavage furrow, which are covered with radial fibrils ([Fig. 1](#fig0005){ref-type="fig"}F, double arrowheads).

Duplication of Golgi Apparatus and Nuclear Division {#sec0080}
---------------------------------------------------

Following the onset of furrow formation, the Golgi apparatus and nucleus initiate morphological changes. A part of the nucleus begins to protrude towards the center of the cell, and the Golgi bends into a heart shape, enclosing the protruding portion of the nucleus ([Fig. 1](#fig0005){ref-type="fig"}H, arrowhead). The Golgi apparatus duplicates and then re-positions at both sides of the protruding nucleus ([Fig. 1](#fig0005){ref-type="fig"}I). This repositioning is likely to be a preparation for equal segregation to daughter cells and, indeed, the cleavage furrow is formed inbetween the duplicated Golgi apparatus about 12 hours after illumination ([Fig. 1](#fig0005){ref-type="fig"}J).

The next step, nuclear division, should be accompanied by the appearance of two MTOCs and partial nuclear envelope breakdown, as described previously in other diatoms ([@bib0200], [@bib0315], [@bib0320]). However, we have never been able to observe neither the mitotic apparatus nor microtubules in *P. tricornutum*, in spite of extensive efforts. Unlike previous observations, we observed that the nucleus, which indeed maintained a clear nuclear membrane, was penetrated and bisected by the ingrowing furrow from the opposite side with respect to the Golgi apparatus (arrows in [Fig. 1](#fig0005){ref-type="fig"}B and K to N). Large vesicles were occasionally observed next to the penetrated nucleus (white arrowhead in [Fig. 1](#fig0005){ref-type="fig"}K and L). Serial sections indicate that the nucleus is likely to be segmented by fusion of the ingrowing furrow and large vesicle ([Fig. 1](#fig0005){ref-type="fig"}K to N). Following karyokinesis, the cleavage furrow assigns one Golgi apparatus and one nucleus to each daughter cell ([Fig. 1](#fig0005){ref-type="fig"}J).

Spatial Dynamics of the Mitochondria {#sec0085}
------------------------------------

It is already known that changes in mitochondria shape play significant roles in various processes of physiology, such as calcium signaling and reactive oxygen species production ([@bib0085]). In order to grasp the whole picture of mitochondrial dynamics with respect to the nucleus during the cell cycle, we utilized a transgenic line expressing both unCPS-YFP and CFP-histone H4 (H4) fusion genes. In interphase, branches of elongated, branched mitochondria reach both extremities of fusiform cells ([Fig. 2](#fig0010){ref-type="fig"}A), and are also positioned at both sides of the chloroplast constriction (arrowheads in [Fig. 2](#fig0010){ref-type="fig"}B). After chloroplast duplication, elongated mitochondria were located along the future division plane ([Fig. 2](#fig0010){ref-type="fig"}C), such that each daughter cell contained approximately equal portions of mitochondria ([Fig. 2](#fig0010){ref-type="fig"}D). To confirm that unCPS-YFP-derived fluorescence originated from mitochondria, we stained cells with MitoTracker Orange, which indicated a strikingly similar elongated branched morphology ([Fig. 2](#fig0010){ref-type="fig"}E-H).

Actin Dynamics During the Cell Cycle {#sec0090}
------------------------------------

Actin is a major component of contractile rings in mammalian and yeast cytokinesis. To elucidate the contracting mechanism in diatom cytokinesis, we investigated actin distribution during the cell cycle by labelling F-actin with phalloidin. Actin bundles in the peripheral regions were always observed during interphase ([Fig. 3](#fig0015){ref-type="fig"}A), and ring structures then appeared following chloroplast division ([Fig. 3](#fig0015){ref-type="fig"}B). The oblique view displayed a clear contractile actin ring involving the nucleus ([Fig. 3](#fig0015){ref-type="fig"}B and Supplementary Material Movie S1). [Figure 3](#fig0015){ref-type="fig"}C shows the advanced phase with a smaller actin ring. During the appearance of ring structures inbetween the two daughter chloroplasts, peripheral actin remains, albeit at low concentrations. However, as the ring begins to contract four branches emerge from the ring, extending towards the peripheral regions of the cell. The fibers are primarily assembled on the future dividing plane around the actin ring (Supplementary Material Movie S2). The diameter of the contractile ring becomes smaller after karyokinesis, while some actin fibers are still maintained to cover the whole cell ([Fig. 3](#fig0015){ref-type="fig"}D, E and Supplementary Material Movie S3). During the appearance of the ring structure, weak actin signals along the periphery of the cell are maintained and four actin bundles radially branched from the actin ring ([Fig. 3](#fig0015){ref-type="fig"}E). Eventually, the actin contractile ring disappears, and a strong accumulation of actin fibers emerges in the cytokinetic face ([Fig. 3](#fig0015){ref-type="fig"}F). Finally, cell division is completed and two daughter cells are surrounded by F-actin bundles just below the plasma membrane ([Fig. 3](#fig0015){ref-type="fig"}G, H).

Distributions of Two Distinct Proteins Involved in Vesicular Transport {#sec0095}
----------------------------------------------------------------------

Vesicular transport is essential for cytokinesis and small GTPases and SNARE complexes play crucial roles ([@bib0010], [@bib0030], [@bib0165], [@bib0280]). Small GTPases are hydrolase enzymes for guanosine triphosphate (GTP) and are often called Ras superfamily GTPases. In particular, Rab family proteins, including temperature-sensitive yeast secretion (Sec) proteins, play key regulatory roles in membrane trafficking, e.g., Sec4 is involved in the final stages of the yeast secretory pathway ([@bib0265], [@bib0335]). Proteins of the VAMP (v-SNARE) and syntaxin (t-SNARE) families are located on transport vesicles and their targets, respectively, and the pairing of cognate of v- and t-SNAREs, is believed to provide the specificity of membrane fusion reactions ([@bib0135]). In order to reveal membrane trafficking during diatom cytokinesis, we first analyzed the diatom genomes to identify genes encoding the key proteins Sec4 and Syntaxin. The *P. tricornutum* genome was found to encode one copy of Sec4 (Pt30139 in [Fig. 4](#fig0020){ref-type="fig"}A), whereas *T. pseudonana* encodes two (Tp33126 and Tp33199), all supported by high bootstrap values ([Fig. 4](#fig0020){ref-type="fig"}). Additionally, all the other major clades of small GTPases contain diatom homologs with strong support ([Fig. 4](#fig0020){ref-type="fig"}). On the other hand, both diatom genomes include a single homolog (Pt19932 and Tp33228 in [Fig. 5](#fig0025){ref-type="fig"}) of human syntaxin 1A and *Arabidopsis* KNOLLE, and all of them form a monophyletic clade with high support ([Fig. 5](#fig0025){ref-type="fig"}).

Based on these results, we generated double fluorescent marker lines; SEC4-YFP/CFP-H4 and SYTA-YFP/CFP-H4, in order to observe membrane trafficking during cytokinesis in vivo (see Methods). Time-lapse observations revealed that SEC4-YFP was constantly accumulating inbetween the chloroplasts and nucleus during the cell cycle ([Fig. 6](#fig0030){ref-type="fig"} and Supplementary Material Movie S4). Following chloroplast duplication and prior to nuclear division, the Sec4 signal spreads equally to the future dividing face, and the signal is maintained for more than six hours, up to the completion of cell division ([Fig. 6](#fig0030){ref-type="fig"}A-L; karyokinesis in [Fig. 6](#fig0030){ref-type="fig"}G-I). During the earliest times of observation, the signal was localized very strongly in a region between the nucleus and the divided chloroplasts ([Fig. 6](#fig0030){ref-type="fig"}B-D) that corresponds to where the Golgi was observed by transmission electron microscopy (TEM; [Fig. 1](#fig0005){ref-type="fig"}A, H and [Fig. 6](#fig0030){ref-type="fig"} M). The heart-shaped structure observed by both TEM and fluorescence further suggests that the Sec4 fusion protein co-localizes with the Golgi. The intensity of the fluorescence signal was gradually lost because of bleaching due to the long-term illumination performed for these experiments, but nonetheless the localization of the signals was not affected. Following the time-lapse observations, and by comparison with the TEM images, the collective information indicated that large amounts of vesicles are generated from the Golgi apparatus, and sent to the future dividing plane following chloroplast duplication and prior to nuclear division ([Fig. 6](#fig0030){ref-type="fig"} M and N).

By contrast, the dynamics of SytA localization were quite different. Prior to chloroplast duplication, SYTA-YFP signals were weakly localized in the cytoplasm at the periphery of the cell ([Fig. 7](#fig0035){ref-type="fig"}A). Following chloroplast division, the signals began to accumulate at both tips of the cell, and the accumulating sites elongated towards the center of the cell ([Fig. 7](#fig0035){ref-type="fig"}B, C). Finally the fluorescence signal was observed as a continuous line on what is likely to be the cytokinetic face ([Fig. 7](#fig0035){ref-type="fig"}D), until daughter cell separation. The similarity of SYTA-YFP localization with the extension of the cleavage furrow observed by TEM ([Fig. 1](#fig0005){ref-type="fig"}) indicates that this protein may selectively localize to the extending cell membrane during cytokinesis.

Discussion {#sec0100}
==========

Intensive observations throughout the cell cycle have enabled us to elucidate the intracellular dynamics of cell replication in *P. tricornutum*. Following chloroplast division, cleavage furrows start to be formed at both tips of the cell. This early-onset of cytokinesis precedes karyokinesis and Golgi apparatus replication, and is an interesting characteristic of *P. tricornutum* cell division identified in this study. The nucleus, Golgi apparatus and probably also the mitochondria are all aligned on the future dividing plane prior to their division. Accompanying the centripetal growth of the furrows, cleavage vesicles gather close to them ([Fig. 1](#fig0005){ref-type="fig"}C and D). Cleavage vesicles have already been described in another pennate diatom, *Diatoma vulgare*, but in this case it was suggested that ramification of the plasma membrane could be distorted to result in multiple vesicles being apparent inside the cleavage furrow and that the authors were actually observing a ramification of the plasma membrane ([@bib0240]). However, in our study, cryo-fixed samples showed neither ramification of the plasma membrane nor cleavage vesicles in *P. tricornutum*, so cleavage vesicles may be an artefact caused by chemical fixation. It is noteworthy that cryo-fixed cells displayed dense filaments accumulating just below the neo-synthesized plasma membrane at the fronts of the furrows ([Fig. 1](#fig0005){ref-type="fig"}F), an observation also reported in *D. vulgare.* [@bib0240] mentioned the possibility that these filaments could be involved in cytokinetic contractile processes.

In our study, we succeeded to detect the actin 'contractile' ring and found that its diameter reduced as cell division progressed. This actin contractile ring could be equivalent to the filaments observed by TEM ([Fig. 1](#fig0005){ref-type="fig"}F), based on the spatial relationships with organelles. While we currently have no idea about the involvement of myosin in these contractile rings, [@bib0220] suggested that the rate of actin polymerization could influence the rate of cleavage in fission yeast. We therefore propose that *P. tricornutum* possesses a contractile ring composed of actin interacting with cleavage furrows, and that actin is likely to be essential for diatom cytokinesis as it is for animal and yeast cytokinesis.

We also succeeded to detect the timing of Golgi apparatus duplication during cell division. Although *P. tricornutum* cells normally contain a single Golgi apparatus nearby the nucleus, it duplicates into two just prior to karyokinesis ([Fig. 1](#fig0005){ref-type="fig"}I, J). In animal cells, duplication of the Golgi apparatus is completed after cell division by reconstructing it from fragmented vesicles. However, in *P. tricornutum*, it appears that the Golgi apparatus is maintained throughout and is seemingly duplicated by medial fission prior to cytokinesis. Such medial fission of the Golgi apparatus has been reported previously in the apicomplexan *Toxoplasma gondii* (fig. 1 in [@bib0225]). Further observations are required to confirm whether the two processes are indeed similar, but it is interesting to note that apicomplexans and heterokonts are believed to share the same evolutionary origins ([@bib0070], [@bib0205]).

In contrast to most other diatoms, *P. tricornutum* fusiform cells are only very poorly silicified ([@bib0120]). High concentrations of polysaccharides replace silica as a structural component of this novel cell wall ([@bib0120], [@bib0310], [@bib0340], [@bib0345]). This fact implies that *P. tricornutum* must rely much more on secretion of polysaccharides instead of a silicified frustule for formation of the cell wall. Indeed, active membrane trafficking was observed during cell division in our study. Syntaxin is a member of the t-SNARE protein family and is known to participate in membrane fusion processes such as exocytosis and cytokinesis ([@bib0065], [@bib0160]). Similar syntaxin distribution in ingrowing furrows has already been reported in *Caenorhabditis elegans* embryos ([@bib0160]), and depletion of syntaxin abolishes cellularization in *Drosophila* embryos ([@bib0185]). It is noteworthy that the failed cellularization in syntaxin-depleted *Drosophila* embryos is caused by inadequate actin recruitment (Burgess et al.1997). In addition, the plant syntaxin KNOLLE also localizes to the plane of cell division and specifically mediates cytokinetic vesicle fusion in the cell plate ([@bib0045], [@bib0175]). Taken together, these observations indicate that in *P. tricornutum* SyntaxinA may play a similar role in vesicle fusion specialized to the cleavage furrow (i.e., for neo-synthesis of the plasma membrane). However, in spite of the similarity of *P. tricornutum* SyntaxinA and *A. thaliana* KNOLLE localization to the plane of cell division, cytokinesis proceeds differently in the two lineages, centripetally in diatoms and centrifugally in plants ([@bib0090]).

On the other hand, *P. tricornutum* Sec4 fluorescence always accumulated between the chloroplasts and nucleus at a location very likely to be the Golgi apparatus ([Fig. 1](#fig0005){ref-type="fig"}A and 6A). Since cleavage furrows never reach the middle of the cell before karyokinesis, it is clear that Sec4 distribution is irrespective of the formation of cleavage furrows, in contrast to SyntaxinA, although Sec4 becomes distributed throughout the plane of future cell division. While we could not follow the movement of fluorescence from the area corresponding to the Golgi to the future dividing plane, TEM observations indicate that the Golgi apparatus releases large amounts of vesicles to the future dividing plane ([Fig. 6](#fig0030){ref-type="fig"} M). The yeast Sec4 protein is known to locate on the cytoplasmic face of both the plasma membrane and the secretory vesicles during transit to the cell surface ([@bib0125]), so Sec4 in *P. tricornutum* may similarly be involved in post-Golgi secretory vesicle formation during cytokinesis.

In contrast to homogeneous distribution of Sec4 in the future division plane before karyokinesis ([Fig. 6](#fig0030){ref-type="fig"}A-L), SyntaxinA localization spread to the division plane in accordance with development of the cleavage furrow ([Fig. 7](#fig0035){ref-type="fig"}). As observed in yeast, animal and plant cells ([@bib0025], [@bib0135], [@bib0265]), SyntaxinA could be present on newly-formed plasma membranes as a t-SNARE protein, and Sec4 may facilitate SNARE complex formation for vesicle docking to the future division plane also in *P. tricornutum*.

During karyokinesis, one or two large vesicles without any components inside appear next to the nucleus on the line of cytokinesis at the time when the furrows are in-growing ([Fig. 1](#fig0005){ref-type="fig"}B, white arrowhead in [Fig. 1](#fig0005){ref-type="fig"}K). These large vesicles appear to associate with the cleavage furrow coincident with the progress of karyokinesis. While our other observations suggest that diatom cytokinesis is quite similar to animal cytokinesis, the coexistence of the actin contractile ring with cleavage furrows and large vesicles on the cytokinetic plane implies that *P. tricornutum* may utilize both centrifugal vesicle fusion and centripetal furrow formation for cellularization. Furthermore, in contrast to plant cells, wall formation does not coincide with cellularization in diatom cells although they are covered with silica cell walls, which are formed in the SDV after the completion of cell separation.

Besides diatoms, members of the Heterokonta are known to utilize diverse cytokinetic processes. For example, brown algae have centripetal development of a plasma membrane based on an actin plate and vesicle fusion ([@bib0170], [@bib0195], [@bib0210]), oomycetes generate a dividing force using an actin-based system without a contractile ring during zoospore morphogenesis ([@bib0140]), and a raphidophyte has been found to display actin contractile rings like in animal cells ([@bib0350]). These observations indicate that members of the Heterokonta may have evolved a range of cytokinetic systems with identical components.

The observations reported here provide fundamental information about diatom cell replication processes. *P. tricornutum* is highly suited for these kinds of studies because of the absence of silica in the cell wall, which has impeded similar studies in other diatoms, as well as gene manipulation tools, synchronization protocols, and the presence of single organelles in each cell. It is to be hoped that with these tools progress in diatom cell division research will proceed faster than has been the case in previous decades.

Methods {#sec0105}
=======

**Culture conditions and synchronization:** *Phaeodactylum tricornutum* Bohlin (Pt1 8.6; CCMP 2561) cells were grown in f/2 medium ([@bib0130]) without silicate made from sterilized seawater. Cultures were grown at 19 °C in 12-h light/12-h dark (80-100 μmol photon m^-2^ s^-1^) with shaking at 100 rpm and maintained in exponential phase.

For synchronization of cell cycle, cultures were placed in prolonged darkness to arrest the cells in G1 (Gap 1) phase ([@bib0060], [@bib0145]). Before starting the dark period for synchronization, cells were cultivated for two weeks in normal conditions as pre-culture.

**Phylogenetic analysis:** A total of 101 protein sequences (66 amino acids in length) and 32 protein sequences (60 amino acids in length) were used for small GTPase and Syntaxin analyses, respectively (Supplementary Material Table S1). All protein sequences were collected from the National Center for Biotechnology Information (NCBI) and the US Department of Energy Joint Genome Institute (JGI). Reference proteins are listed in Supplementary Material Table S1 and others were collected with protein ID used as sequence codes in the phylogenetic trees. Each data set was aligned by ClustalW enclosed in the free software Molecular Evolutionary Genetics Analysis version 5 (MEGA5, [@bib0290]). Neighbor-joining trees derived by applying the Jones-Taylor-Thornton (JTT) distance matrix calculation method and bootstrap values were calculated with 1000 replications. All the steps were performed with MEGA5.

**Vector cloning and biolistic transformation:** Homologs of target proteins (Sec4 and SynA) were selected by BLAST protein searches in NCBI and JGI websites and phylogenetic analyses confirmed their putative functions (Figs 5 and 6). The expression vector (pEXP) for *P. tricornutum* was cloned via the Gateway® cloning System (Invitrogen, Carlsbad, CA USA; [@bib0275]). The full length sequences of SyntaxinA (protein ID: 19932) and Sec4 (protein ID: 30139) of *P. tricornutum* were amplified by PCR with gene-specific primer sets (SYTA-Fw 5′-CACCATGAACAACCGTTTGG-3′ SYTA-Rv 5′-AAGAGCAATTCATGGCAAGAC-3′; SEC4-Fw 5′- CACCATGTCCCAAGCCAGCAACAG-3′ SEC4-Rv 5′- TTAGCAACACTTTTTGTCTTTGC-) and inserted into the pENTR vectors. PtGENE ENTR clones were recombined into diatom adapted pDEST-CEYFP or pDEST- NEYFP through attL× attR recombination reaction (Invitrogen) to generate the pEXP- gene-YFP vector (pEXP YFP-PtSEC4, and pEXP YFP-PtSYTA). The vector pEXP PtCPS-YFP was kindly provided by Dr. Andrew E. Allen (J. Craig Venter Institute). The pEXP CFP-PtH4 used for labeling histones in the nucleus was the original one constructed by [@bib0275].

Constructs were integrated into the genome of *P. tricornutum* by microparticle bombardment using a Biolistic PDS-1000/He Particle Delivery System (Bio-Rad, Marnes-la-Coquette, France) with a protocol adapted from [@bib0110]. We did simultaneous co-transformation with three vectors: pAF6 that confers resistance to phleomycin (PhlR; [@bib0110]), pEXP CFP-PtH4 ([@bib0275]) to label the nucleus, and a vector containing YFP fused to the gene encoding the protein of interest. To optimize transformation efficiency, a hepta-adaptor (Bio-Rad) was used. The pEXP plasmids (3 μg or 2.2 μg for co-transformation with two or three vectors, respectively) were mixed with pAF6 plasmid (3 μg or 1.6 μg for co-transformation with two or three vectors). Transformants were selected on solid medium (1:1 f/2:agarose) containing 100 μg ml-1 phleomycin (Sigma) for two-three weeks, and individual colonies were then transferred to f/2 liquid medium for screening by epifluorescence microscopy. Growth curve analyses confirmed that none of the transformed lines were affected in their normal growth and cell division (data not shown).

**Actin labeling:** *P. tricornutum* cells were fixed with 3.7% formaldehyde in f/2 medium. During fixation, cells in the fixative were settled on the coverslips thinly coated by poly-L-lysine. After 30 min of fixation, the cells on coverslips were washed with mixed solutions, f/2 medium: marine phosphate buffer (mPBS, [@bib0330]) = 2:1, 1:1 and 1:2, and finally washed with mPBS. One unit of FITC-phalloidin (Molecular Probes, Eugene, USA) was used to label actin, and cells were incubated with it on coverslips for 30 min at room temperature. Cells were then stained with 0.5 μg/ml DAPI (4′,6′-diamidino-2-phenylindole) for 10 min and mounted with Vectashield (Vector Laboratories, Inc., USA) after a rinse. Samples were observed using a Leica SP5 confocal microscope (Leica Microsystems, Austria).

**Mitochondria labeling:** Live *P. tricornutum* cells were stained in the f/2 culture media with 250 mM MitoTracker Orange (Invitrogen, USA) for 40 min in ordinary culture conditions. After rinsing with f/2 medium, cells were fixed with 3.7% formaldehyde in f/2 medium for 30 min at room temperature. Fixed cells were washed with f/2 medium and incubated with 5% Triton-X100 for 30 min to remove chlorophyll. Following three washes, cells were then stained with DAPI and mounted as described above and observed using a Leica SP5 confocal microscope (Leica Microsystems, Austria).

**Time-lapse observations:** Synchronized cells in exponential phase were harvested 6 hours after illumination, and highly concentrated cells were placed into a custom handmade chamber. For time-lapse observation, a Leica SP2AOBS confocal microscope (Leica Microsystems, Austria) was used. During the experiments, cells were illuminated by white light to maintain the light period. Chlorophyll autofluorescence was detected at 600-700 nm by excitation with a 488 nm beam. The interval of Z-axis was set with the optimized setting (approximately 0.6 μm thickness) and 10-15 images were captured along the Z-axis every 7 minutes. All frames were squashed using Z-projection at each time point using ImageJ.

**Chemical fixation and transmission electron microscopy:** Cells were harvested at precise time points after the synchronization and fixed with 2% glutaraldehyde in phosphate buffer (0.2 M) for 1 hour on ice. After washing with phosphate buffer, samples were fixed with 2% osmium tetroxide in phosphate buffer for 1 hour on ice as a post fixation. Dehydration was done with acetone after washing with phosphate buffer and distilled water. Samples were then embedded in Spurr\'s resin and cut for making pale yellow ultra-thin sections (70-80 nm thickness) with a microtome ULTRACUT (Reichert-Jung, Inc. US). Sections were counterstained with uranyl acetate and lead citrate for inspection with a Philips tecnai 12 electron microscope (FEI the Eindhoven, The Netherlands).

**Cryo-fixation and freeze substitution:** Cells were collected by gentle centrifugation and added to gold carrier. Cells in the gold carrier were fixed with a high pressure Leica HPM100 machine (Leica Microsystems, Austria). Afterwards, cells were transferred to automatic freeze substitution unit EM ASF2 (Leica Microsystems, Austria) with following protocols; following at least 18 hours at -90 °C in acetone, the acetone was replaced with 2% OsO~4~ in acetone at -90 °C for 16 hours. The temperature was gradually raised to -20 °C over 23 hours and samples were then kept at -20 °C for at least 13 hours. Temperature was then gradually raised again to 4 °C over 5 hours. Finally the cells were kept at 4 °C and embedded with graded concentrations of Spurr\'s resin. Following procedures were same with chemical-fixed samples described above.

Appendix A. Supplementary data {#sec0060}
==============================

The following are the supplementary data to this article:Movie S1Reconstruction of whole cell just after chloroplast division. Actin ring had just appeared. Two daughter chloroplasts and a single nucleus were surrounded by the ellipse ring structure. F-actin, nucleus and chloroplast were visualized with FITC-phalloidin (green), DAPI (blue) and chlorophyll autofluorescence (red), respectively.Movie S2Reconstruction of whole cell before karyokinesis. The actin ring, whose diameter became smaller, located in-between two chloroplasts. Some bundles were also maintained. F-actin, nucleus and chloroplast were visualized with FITC-phalloidin (green), DAPI (blue) and chlorophyll autofluorescence (red), respectively.Movie S3Reconstruction of whole cell after karyokinesis. Smaller actin ring with two daughter nuclei. Clear four bundles of actin were generated from the ring. F-actin, nucleus and chloroplast were visualized with FITC-phalloidin (green), DAPI (blue) and chlorophyll autofluorescence (red), respectively.Movie S4Reconstructed three-dimensional movie from SEC4-YFP/CFP-H4 expressing cell. Sec4 (green) and H4 (blue) are displayed together with red chlorophyll autofluorescence.Table S1Protein list for the phylogenetic analyses. All protein sequences were collected from the National Center for Biotechnology Information (NCBI). Upper frame was used for the analysis of small GTPase and lower one was for syntaxin analysis.
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![Electron micrographs of cytokinesis in *P. tricornutum*. **A** and **B.** Whole cell images during cytokinesis. **C-F.** A part of cleavage furrows. **G-J.** Duplication of Golgi apparatus. **K-N.** Serial sections of nucleus. **A.** Completion of chloroplast duplication before initiation of cytokinesis. A single nucleus and Golgi apparatus are observed. **B.** Initial phase of cytokinesis. Arrows indicate the both edges of the cleavage furrows. Interestingly, nucleus is invaginated and seemly bisected by the cleavage furrow. **C.** Vesicles in the cleavage furrow. Front portion of the cleavage furrow is indicated by arrow. **D.** Magnified image of **C**. Vesicular membrane is similar to the new plasma membrane. **E.** Cleavage furrow in cryo-fixed cell. Front portion is indicated by arrow. **F.** Magnified image of the front portion of the cleavage furrow in E. Electron-dense materials are localized under the membrane of cleavage furrow (double arrowheads). **G.** Magnified Golgi apparatus in A. **H.** Curved Golgi apparatus covering the protrusion of nucleus (arrowhead). **I.** Duplicated Golgi apparatuses located with both sides of nuclear protrusion. **J.** Cleavage furrow (arrow) separating each set of nucleus and Golgi apparatus. **K.** A large vesicle in mid part of nucleus (white arrowhead). It seemed that the two parts of the nucleus were connected only with a narrow portion between the furrow and the large vesicle. **L.** The large vesicle (white arrowhead) became unclear and the connecting portion extended. **M.** The large vesicle completely disappeared and furrow only passes through nucleus unilaterally (arrow). **N.** Nucleus maintaining both protruded and penetrated portions. Spindle apparatus and microtubules were not observed in any sections. c: chloroplast, G: Golgi apparatus, n: nucleus. Scale bar: 0.5 μm (A and B), 0.2 μm (C and E-N) and 20 nm (D).](gr1){#fig0005}

![Mitochondrial dynamics during cell division. **A-D.** Doubly transgenic lines expressing unCPS-YFP and CFP-H4. Green, blue and red fluorescence correspond to mitochondrion, nucleus and chloroplast, respectively. **E and G.** Mitochondrion and nucleus stained with MitoTracker Orange and DAPI. **F and H.** DIC images of same cells in E and G respectively. **A.** Branched mitochondrion is stretched to the tip of the cell along the chloroplast. **B.** Two spots of mitochondrial signals beside the chloroplast constrictions (arrowheads). **C.** Extended mitochondria located in the future dividing plane prior to karyokinesis. **D.** Two identical cells with elongated mitochondria just after cell division. **E.** Branched mitochondrion is extended throughout the cell. DIC image of the cell is shown in F. **G.** Signals from mitochondria accumulate between two daughter nuclei (arrowheads). DIC image is shown in H. Scale bar: 1 μm.](gr2){#fig0010}

![Actin dynamics throughout the cell cycle. **A-G.** F-actin, nucleus and chloroplast were visualized with FITC-phalloidin (green), DAPI (blue) and chlorophyll autofluorescence (red), respectively. **A.** Interphase cell surrounded by actin bundle under the plasma membrane. **B.** Actin ring appeared after the duplication of chloroplast. **C.** Contracted actin ring with fibrous actin in the cell. **D.** Smaller contractile ring after karyokinesis. The ring positioned between two daughter nuclei. **E.** Oblique view of the cell at a similar stage as in D. Actin fibers connected with the contractile ring. **F.** Final stage of cytokinesis. Actin accumulated in the cytokinetic face. **G.** Completion of cell division. Two daughter cells were surrounded by actin bundles. **H.** Bright field image in same frame with G. Cell walls for both daughter cells had been completely generated. Scale bar: 1 μm.](gr3){#fig0015}

![Neighbor-joining (NJ) trees of Rab family (**A**) and other small GTPases (**B**). The 19 small GTPases from *P. tricornutum* were aligned with selected small GTPases from the centric diatom *Thalassiosira pseudonana* (Tp), the oomycete *Phytophthora sojae* (Ps) and, as a reference, yeast *Saccharomyces cerevisiae* (Sc). Detailed information about sequences used here is listed in Supplementary TableS1. Numbers at branch points indicate bootstrap percentages from NJ analyses with 1000 replicates. Only values greater than 60% are shown. ScSec4 was clustered with Pt_30139 and this monophyletic clade was supported with significant bootstrap value. Diatom *T. pseudonana* and oomycete *P. sojae* were almost always clustered together with *P. tricornutum* as they all belonged to Heterokonta. It is noteworthy that there are three unknown monophyletic clades, which are completely independent from the others. These could be Heterokont-specific Rab family small GTPases.](gr4){#fig0020}

![Neighbor-joining (NJ) tree of Syntaxins. Each phylum forms a monophyletic clade. The 7 Syntaxins from *P. tricornutum* were aligned with selected Syntaxins from the centric diatom *Thalassiosira pseudonana* (Tp), the oomycete *Phytophthora sojae* (Ps) and, as references, yeast *Saccharomyces cerevisiae* (Sc), the plants *Arabidopsis thaliana* (At) and *Oryza sativa* (Os), and *Homo sapiens* (Hs). Pt_19932 was clustered with KNOLLE, Sso, Syt1 and Syt2 with significant bootstrap support. There was also one monophyletic clade consisting of only diatom sequences and this might correspond to a diatom-specific Syntaxin.](gr5){#fig0025}

![Dynamics of Sec4 distribution. **A-L.** Images from cells transformed with SEC4-YFP/CFP-H4 constructs. Sec4 (green) and H4 (blue) are displayed together with red chlorophyll autofluorescence. **M** and **N**. Micrographs of wild type cell. **A:** Interphase cell. The Sec4 core signals are presumably in the Golgi apparatus (based on similarity of morphology compared with TEM images). **B-L.** Time-lapse images for 6 hours and 48 minutes. Numbers in each image indicate the passage of time. Nuclear division occurred in G-I. Two daughter nuclei then started to move separately (J-L) and cell division was completed at the end. **M.** Ultrastructures just after the duplication of chloroplast and Golgi apparatus. Two Golgi apparatuses secreted a lot of vesicles to the future dividing plane (arrows). **N.** Magnified image of arrowed part of M. Scale bar: 2 μm (A-L) and 0.2 μm (M and N).](gr6){#fig0030}

![Localization of SyntaxinA during cell cycle. SytA signals (green) and chlorophyll autofluorescence (red) are shown here. **A.** SytA signals localized to cytoplasmic periphery of the cell. **B.** The signals began to accumulate in both tips of the cell following chloroplast duplication. **C.** The accumulation of SytA-YFP fluorescence extended to the center of the cell. **D.** The extended signals from both tips ultimately combined to make a contiguous line in the future dividing plane. Scale bar: 1 μm.](gr7){#fig0035}
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